A parametric loudspeaker reproduces the sound wave to only particular area by utilizing an ultrasound wave. It emits an amplitude modulated wave demodulating into an audible target sound wave by nonlinear interaction in the air. A sufficient demodulation is required for accurately reproducing the target sound wave. In addition, demodulation ratio depends on a distance between the parametric loudspeaker and the listening point. Therefore, users should utilize the parametric loudspeaker on a suitable distance on which the amplitude modulated wave is sufficiently demodulated. It is however difficult to define the suitable distance because no criterion has been proposed to measure the demodulation ratio in the past. Thus, the criterion should be formulated to measure demodulation ratio for appropriately utilizing the parametric loudspeaker. In this paper, we aim at formulating it for estimation of demodulation ratio. We therefore propose a criterion based on a spectral envelope of the reproduced sound wave with the parametric loudspeaker. The proposed criterion is the correlation between the spectral envelope in every distance and that in the target with the reproduced sound wave. As a result, we confirmed the availability of the proposed criterion.
Introduction
A loudspeaker is utilized for reproducing an audible sound wave to listeners. The electrodynamic loudspeaker which emits the audible sound wave to wide area is useful for reproducing it to many listeners. On the other hand, a parametric loudspeaker has been proposed for reproducing the audible sound wave to only particular area [1, 2] . The parametric loudspeaker which has higher directivity by an ultrasound wave is utilized at museum. It emits an AM (Amplitude-Modulated) wave demodulating into the target audible sound wave in the air. The demodulation ratio depends on the distance between the parametric loudspeaker and listening point, because the emitted AM wave is demodulated by distorting with a nonlinear interaction in the air [3] . In addition, the demodulation ratio affects a power and a spectrum of the reproduced sound wave [4] . Therefore, an accurate reproduction of target sound wave requires a long distance for sufficiently demodulating. It is conventionally defined by the power of the demodulated sound wave. The full demodulation distance is the largest power distance in demodulated sound wave [5] . However, the demodulation ratio also depends on the spectrum of the demodulated sound wave. Furthermore, no criterion has been proposed to clearly measure the demodulation ratio in the past. For this reason, the sufficient demodulation distance is indefinite when user utilizes the parametric loudspeaker. Thus, we aim at formulating the criterion for estimating the demodulation ratio, because the spectrum of the demodulated sound wave depends on the distance. Therefore, we propose a criterion based on a spectral envelope representing a shape of the spectrum. The proposed criterion is defined by a correlation between the spectral envelope in evaluation distance and that in the target with the reproduced sound wave.
Conventional Researches

Parametric loudspeaker
A parametric loudspeaker has a high directivity by utilizing an ultrasound wave as a carrier wave. It emits a powerful AM (Amplitude Modulated) wave designed by modulating the carrier wave with a target audible sound wave. The emitted AM wave is self-demodulated into the target audible sound wave by nonlinear interaction in the air. An accurate target sound wave is reproduced by fully demodulating the AM wave. The sufficient demodulation requires a longer distance because the demodulation ratio depends on a distance between the parametric loudspeaker and the listening point. On the other hand, the demodulation ratio affects the power and spectrum of the demodulated audible sound wave. Thus, the suitable distance should be defined by the demodulation ratio of demodulated audible wave. However, no criterion has been proposed for measuring the demodulation ratio. Therefore, the suitable distance has been defined by only the power of demodulated sound wave without the demodulation ratio in the past.
Definition of the suitable distance by power
A power of the demodulated audible sound wave depends on the distance between the parametric loudspeaker and the listening point. According to conventional research [4] , the power increases depending the distance to about 1.5 m. After passing about 1.5 m, the power decays depending the distance as shown in Fig. 1 . Therefore, the suitable distance is conventionally defined at 1.5 m because the power of the demodulated sound wave is maximum. However, the demodulated sound wave at the other distances may be possible to accurately reproduce the target sound wave more than that at 1.5 m. Moreover, the demodulation ratio affects the spectrum of the demodulated sound wave. Therefore, an estimation of demodulation ratio is indispensable to accurately reproduce the target sound wave. 
Proposed Method
Spectral envelope of demodulated audible sound wave
In the conventional method, the suitable distance is defined by the power of the demodulated sound wave because the power depends on the distance. On the other hand, according to Merklinger's research [4] , the power of the demodulated sound wave p as shown follows:
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is an envelope function of the AM wave, 0 p is the power of the emitted AM wave at a position of the parametric loudspeaker, z is the distance the parametric loudspeaker and the listening point, and t is the time index. From Eq. (1), the power of the demodulated wave also depends on the frequency of the target audible sound wave. In short, the power spectrum of the demodulated wave is different on each distance. We therefore carried out a pre-experiment in a soundproof chamber for examining a spectral envelope which represents a shape of power spectrum on each distance. The preexperimental condition is shown in Tab. 1. Figure 2 shows spectral envelopes reproduced with TSP (Time-Stretched Pulse) at each distance [6] . As a result of pre-experiment, we confirmed the spectral envelopes are much different on near distances from parametric loudspeaker and they have similar characteristics on far distances.
Proposed criterion for measuring demodulation ratio
The demodulation ratio depends on the distance between the parametric loudspeaker and listening point. Moreover, each spectral envelope has similar characteristics on far distances. Therefore, spectral envelope can be approximate stationary after demodulating sufficiently. Thus, we utilize a correlation as the demodulation ratio between the spectral envelope in evaluation distance and that in far distance with the reproduced TSP. Figure 2 shows the flowchart of the proposed method. The correlation coefficient C as follows: 
Evaluation Experiment
Experimental aim and conditions
We evaluate the demodulation ratio in an anechoic chamber for verifying the effectiveness of the proposed criterion. The experimental conditions are shown in Tab.2. In this experiment, sound sources are TSP and Japanese vowel /a/. The observation point of target is 3 m distance. Figure 4 shows the correlation between the spectral envelope at every distance and that at 3 m with TSP and with vowel. As a result, we confirmed the increase of both correlations depending on the distance. Since the demodulation ratio depends on the distance, the proposed criterion is effective for measuring the demodulation ratio of the parametric loudspeaker. However, lines of each correlation are different at near distance from parametric loudspeaker. This reason is the difference of the power in each frequency of TSP and vowel because the demodulation ratio depends on the frequency of the target sound wave. TSP has same power in every frequency. On the other hand, vowel utilized for experiment has dominant power in lower frequency. Therefore, the sufficient demodulation in lower frequency requires longer distance than that in higher frequency. In the future, we intend to evaluate the demodulation ratio in every sub-band with the proposed criterion. 
Experimental result
Conclusion
The parametric loudspeaker with a high directivity should be utilized at the sufficient demodulation distance. However, it is difficult to define it because no criterion has been proposed for measuring the demodulation ratio. Therefore, we aim at formulating the criterion representing the demodulation ratio of the parametric loudspeaker. In this paper, we proposed the criterion for estimation of the demodulation ratio based on the spectral envelope. The demodulation ratio affects the spectrum of the demodulated audible sound wave. We carried out pre-experiment to examine the spectral envelope at each distance. As a result of pre-experiment, we confirmed that a shapes of the spectral envelope at each distance is similar depending the distance. Thus, the proposed criterion is represented by the correlation between the spectral envelope at evaluation distance and that at far distance demodulating fully. As a result of experiment, we confirmed the effectiveness of the proposed criterion because the correlation coefficient increases depending on the distance as with demodulation. Moreover, we also confirmed that the demodulation in lower frequency is more difficult than that in higher frequency. In future work, we intend to evaluate the demodulation ratio in every sub-band. 
